A multilayer model for describing hardness variations of aged porous silicon low-dielectric-constant thin films 
Introduction
Porous silicon structures are usually processed by electrolytic anodization in ethanol diluted HF solutions. They have been extensively studied since their discovery by Uhlir [1] and Turner [2] in the 1950's and, particularly, since the discovery in 1990 of the strong and visible photoluminescence phenomenon by Canham [3] . The full insulation by porous oxidized silicon technology was the principal exploitation of porous silicon until the discovery of photoluminescence. Applications of porous silicon (PS) in technological fields now include biochemical or gas sensors, optoelectronic devices, micromachining, photovoltaic devices or electric and thermal insulation.
In semiconductor processing, a low-k dielectric material has a low dielectric constant compared to silicon dioxide (k b 4). The implementation of low-k dielectric materials is one of several strategies used to allow continuous scaling of microelectronic devices. In digital circuits, insulating dielectrics separate the conducting parts (wire interconnects and transistors) from one another.
The dielectric constant of air at room temperature is 1.00054; therefore the dielectric constant of the porous material can be reduced by increasing the porosity of the film. Various methods can be used to create large voids or pores in silicon dioxide.
An isolation technology for radio frequency applications based on unoxidized porous Si has been recently reported [4] . This study examines all the important issues relevant to incorporating PS by using Si very-large-scale integration technology, where PS is used as a semi-insulating material. Coplanar wave-guide line measurements showed that the relative dielectric constant of PS films decreases from 9 to 3 with increasing porosity from 24% to 78%.
The mechanical properties of the porous layers decrease because of porosity, the presence of weak bonds, and the extensive number of traps, voids and mobile ions [5] . However, for device processing and design purposes, information about the mechanical properties is also required. Adequate mechanical properties of this layer are essential for PS films to be used in integrated circuits, because of possible mechanical damage, including film cracking and interface delamination caused by thermal stresses, polishing and other manufacturing processes like wire bonding [6] [7] [8] . It is known that, as soon as fabrication starts, PS begins to entrap species from the ambient air. This is the reason why examining the changes in mechanical properties is so important. This is the purpose of this paper. It may be supposed that surface oxidation enhances hardness, improves resistance to film cracking and to interface delamination and therefore eases the integration process of PS films into integrated circuits.
The paper is organised as follows. After presenting the process of PS samples and the conditions for micro-indentation (Section 2), the experimental hardness results are given in Section 3. Section 4 is devoted to the analysis of these results to extract the hardness value of the porous layer, which is usually overestimated by classical approaches.
Emphasis is then put on a proper multilayer model that is compared with the experimental results.
Experimental procedure

Materials and sample preparation
Porous silicon layers with a thickness of 5 μm and a porosity of 60% were obtained by anodizing a highly p + -type doped (100) silicon substrate, with 4-6 mΩ cm resistivity, in HF (50%): H 2 O: ethanol (2:1:2) solution, at a 50 mA cm − 2 current density. Anodization was performed at room temperature under dark and galvanostatic conditions. The thickness of the layers was controlled by anodization time. After etching, the samples were cleaned with de-ionized water and dried in air at room temperature. The samples were stored in ambient air at room temperature in the dark for 1 week, and their morphology was studied using a supra 40 high resolution field emission scanning electron microscope (SEM) on the surface. A cross sectional study was then performed with a JEOL JSM 6301F with an operating voltage of 7 kV.
Porous silicon is a sponge-like crystalline Si network containing nanometer-sized Si crystallites. Porosity p was the primary variable of the systematic study and was determined by the gravimetry method using the following equation:
where m 1 and m 2 denote respectively the weight before and after formation of the porous layer. m 3 is the weight after removal of the porous layer in a 5% KOH solution. The thickness t of the layer is then determined by:
where ρ is the density of the bulk silicon, and S the wafer area exposed to HF during anodization. The shape of the pores depends on the doping level of the original substrate. High resolution scanning and transmission electron microscopies reveal an anisotropic porous structure referring to a strongly doped p + substrate [9] . This microscopic structure consists of pores oriented perpendicular to the substrate surface and short lateral ramifications. The average diameter of its channels, which propagate throughout the thickness of the layer, is between 3 nm and 10 nm. For a 60% porous sample prepared under the same conditions as our sample, the pore size was measured directly from SEM and its distribution was deduced [10] . It ranged from 7 to 30 nm and was centred on a mean value of 18 nm. From SEM, the size of the wall which separates pores was assessed at about 6 nm before oxidation. Fig. 1 shows SEM micrographs of the top surface of the 60% porosity p + -type porous silicon layer (a) and of the cross section (b). The accurate determination of the pore size distribution in porous Si is usually given by the analysis of the adsorption isotherms of gases at low temperature [11, 12] . Unlike non-porous surfaces, the physical adsorption by a porous surface is increased because of capillary condensation inside the pores. This increase in adsorption starts when the gas pressure is high enough to fill in the smallest pores [13] . The method mentioned above also allows an estimate of the developed specific surface of the material, which is very large for porous silicon: 200-1000 m 2 cm − 3 [14] . Such a large surface contains a huge quantity of impurities coming from the electrolyte used for electrochemical etching and from the ambient air. The gradual evaporation of the residual electrolyte from the pores causes a very slow increase in oxygen concentration over the first 3 weeks of aging with the following transfer to a linear region as reported by E.A. Petrova et al. [15] . They found that the oxidation rate decreased with porosity due to a decrease in the PS inner surface.
For a 60% porosity and a storage time of 1 week, we deduce that the concentration in oxygen of silicon atoms is approximately 2x10 21 cm − 3 .
Hardness measurements
The testing device is a Fischerscope H100 XYp micro-indenter (maximum load of 1 N, load resolution of 0.02 mN, depth resolution of 2 nm). Indentation consists in continuously applying a load to a specimen with a sharp Vickers pyramid indenter of face angle 136°a nd continuously monitoring the penetration depth in the sample. The force is generated electromagnetically and is incrementally increased stepwise up to the peak load of 1, 10, 100 or 1000 mN. The calibration of the instrument was done by using ISO-14577 procedure and with the help of a reference block. It is done by measuring the difference in hardness calculated with the test force and depth to the constant value of Martens hardness (HM) for the special reference material that shows no depth-dependent values. Note that the constant hardness calibration procedure used here for micro-indentation differs from the constant modulus used in nano-indentation in many respects. Firstly, it does not extract the frame compliance. Secondly, it does not correct the projected area function but the true contact area. As for the frame compliance, Seitzman [16] showed on the same apparatus that it was as low as 4.3× 10
, so that it can be ignored when indenting soft materials like PS. In our case, the reference material is a BK7®borosilicate glass. The constant hardness method is performed along two steps. HM is calculated -at every stage of the indentation process -as the ratio of the applied load, P in N, to the resulting true contact area, A=ch (without taking into account any piling-up or sinking-in phenomena) calculated starting from the indentation depth:
where factor c arises from geometrical considerations of the indenter and is c = 4 sin68-cos 2 68-= 26:43 by assuming that the indenter tip is a perfectly sharp Vickers pyramid.
The first correction is based on a non-linear relationship between the experimental measure of depth h raw , and the corrected depth h cor , giving two fitting parameters k and n ensuring a constant value of HM (taking h cor ) with depth for the reference material:
This first correction also takes into account the uncertainty of the initial penetration depth (the initial contact force is 0.4 mN), the thermal drift due to the thermal expansion or contraction of the apparatus (with a temperature sensor in the measuring head) and geometrical imperfections of the tip.
Then a second correction is just a proportionality relationship (here a 0.989 coefficient) between the constant Martens hardness value obtained by the first correction and that of the reference test block standard (here 4134 N mm − 2 ), so that there is a proportionality relationship between the final value of depth h and the first corrected one h cor . In the following parts, only the last corrected value of the indention depth is considered and is denoted as h. The indentation hardness, HIT (in GPa), is also calculated such that: HIT = F/A c (h), where A c (h) = 24.5 h c 2 is the projected contact area, h c = h max − 0.75 P max /S is the contact depth, and S is the contact stiffness (unloading curve slope at maximal load P max : 80% of this curve were fitted by a power law with the exponent ranging from 1.1 to 1.8 depending on the specimen material) [17] .
Results
For the specimen under consideration, the typical loadingunloading sequence performed under a peak load of 1 N is shown in Fig. 2 .
A more convenient representation, used to interpret the Martens hardness variations, consists in plotting the hardness variations versus the displacement of the indenter tip (see Fig. 3 ).
The depth profile of hardness shown in Fig. 3 allows us to observe the commonly reported "U shape", typical of low-dielectric-constant films (regions II/III) as well the existence of three regions with different mechanical properties.
Region I displays abnormal hardness behaviour with increasing hardness as the displacement (and therefore the applied load) increases. Region I is generally associated with a hard and thin cap layer that exists on the top of low-k films [5] . For the specimen under study, this is mainly associated to oxidation and some impurities. Besides it exhibits a Reverse Indentation Size Effect (RISE). The RISE is usually related to the predominance of nucleation, the multiplication of dislocations and the activity of slip mechanisms. All these explanations do not hold for the PS material under study. Our interpretation is related to the indentationinduced cracking phenomenon [18] [19] [20] and compaction of the porous structure [21] observed in other materials. Other interpretations are related to the exact determination of the contact area at the very surface layer of the material during the initial stage of indentation [22] , or at an experimental artefact due to the pile-up effect [23, 24] .
Region II corresponds to the main interaction between the surface layer and the soft inner porous silicon layer (the I-layer), while region III corresponds to the main interaction between PS and the hard crystalline Si substrate. Hardness variation with the indentation depth reveals an excursion event as the indenter reaches the substrate (i.e. the indentation depth is 5 µm like the coating thickness). Subsequent excursions are also observed respectively at 0.7 and 0.9 µm of increased penetration, as shown in Fig. 4 (a magnification of Fig. 3 ). These excursions are related to pop-ins observed on the load-displacement curves.
Pop-in events are also observed at a smaller scale when performing the hardness test at a 10 mN peak load (Fig. 5 ). This figure also shows that the test is reproducible in the loading part of the indentation process used to calculate the Martens hardness. These pop-ins are expected to operate through the bursting of dislocations in Si substrate [25] , the breaking of the top layer (as in carbon-doped low-k materials) [5] , crack initiation around the pores, connection to each other and continuous propagation along the pores (as in porous SiO 2 ) [7] , phase transformation in the silicon substrate [26, 27] or the crumbling of the PS cellular structure [27] .
It is often assumed that the minimum in hardness or elastic modulus (or the plateau region when it exists) (see Fig. 3 ) indicates the best estimate of the coating's mechanical properties [28] [29] [30] [31] [32] [33] [34] [35] . Whether or not the minimum in hardness estimates the mechanical properties of the coating was addressed by Vella et al. [35] , because some film effects may overlap with the substrate effects thereby increasing the minimum point. Some doubts were also raised by Vitiello et al. [36] who showed by studying ultra porous low-k multilayers that minima are affected by the number of layers (and then the coating thickness) and may overestimate the real value.
For these reasons, the main objective of this paper is to propose a model that can describe the true hardness of the soft porous inner layer. The starting point is the hardness area law of mixture by Jönsson and Hogmark [37] , which requires the determination of the substrate properties.
Discussion
Determination of the Si substrate hardness
Indentation tests on the Si (100) substrate were performed at 10, 100 and 1000 mN peak loads (the figures are not represented in this paper). Pop-in and pop-out events were clearly observed respectively during the loading and the unloading stages. They are related to the occurrence of dislocation propagations, cracks and crystallographic modifications [25] . For loads lower than 100 mN, the Martens hardness is nearly constant: HM Si ≈ 6600 N mm − 2 , whereas HIT data are about two or three times higher depending on the applied load. These results fit in well with Bouzakis et al.'s data [38] 
The JH Hardness area law of mixture
The well-known Jönsson and Hogmark model (JH model) [37] based on an area law of mixture is widely used to calculate the film hardness when the indenter penetration is influenced by the substrate, i.e. the indentation depth is superior to about 10% of the film thickness t [42, 43] .
Let h = h f + h s be the total indentation depth, A f and A s respectively the coating and substrate area transmitting the mean contact pressure H f and H s , and A = A f + A s the total indented area (see Fig. 6 with t I = 0). Since the indented area is proportional to the square of the indentation depth for a self-similar sharp indenter then:
or
The geometrical constant, C, expressed in relation with the apical semi angle φ is equal to cos 2 φ for a plastically deformed film and to (1−sinφ) if cracks develop in the film. The values of angle φ are represented in Table 1 for the indenters generally used in nano or micro-indentation. Then the composite hardness H c that represents both the contribution of the coating and the substrate, is given by the area law of mixture:
Combining Eq. (8) with Eq. (7) gives:
H s ð9 À aÞ or:
where the substrate and the film hardness values may vary according to the applied load [44] [45] [46] such that:
where i may refer to the substrate (i = s) or the film (i = f). It is sometimes reported that the fit given by Eqs. (9) and (10) does not pass through the data points [47] [48] [49] . The breakdown observed in fitting the experimental results by the JH model at high and low indention depths is generally attributed to the polynomial form that is advocated for Eqs. (9) . However this criticism makes no allowance for the physical significance of the model for which A f /A and A s /A must lie between 0 and 1 [50] . For example, if the indentation depth is lower than the seventh of the coating thickness, then A f = A; A s = 0 and therefore H c = H f . Buckle's rule consisting in limiting the indentation depth to less than 10% of the film thickness is extended to nearly 15% by using the JH model. It should be noticed that the 10% rule is often found to be too conservative [51] particularly in the case of soft coatings deposited on harder substrates [23, 52] . In the following part, we show that the 15% rule is also too conservative for the material under study.
Generalisation of the hardness law of mixture
The generalisation of the hardness area law of mixture to multilayers by Engel [53, 54] presents the same limitations as the original Jönsson and Hogmark model; therefore we propose the following formalism taking into account the physical meaning related to the indented area.
Considering that the area A I of the I-layer supports the indenter, then from Fig. 6 :
or:
where t I is the depth of the I-layer, and C I , C f may have the value cos 2 φ or (1 − sinφ) depending on the layer's propensity to undergo plastic deformation. Then the composite hardness is:
As for the two-layer model, it must be pointed out that all ratios A f /A, A I /A, A s /A must lie between 0 and 1, and A f + A I + A s = A. As a consequence, if h f +h I =h, (i.e. C f t f +C I t I =h) then if h≤C f t f + C I t I ; then
where A f /A is given by Eq. (7). This model can easily be generalized to N layers. Fig. 7 shows the hardness variation versus the reciprocal indentation depth for experimental data shown in Fig. 2 . This representation is used to test whether the model (Eqs. (11)- (14)) can account for the experimental results. It thus makes it possible to calculate the surface layer hardness by using the linear part for the lower loads applied. The linear regression gives: H f =1447-178/hN mm 
Multilayer model with crumbling assumption
The discrepancy observed between the experimental data and modelling is expected because of cracking, plasticity and the local densification underneath the indenter of the highly porous silicon layer as observed by Bellet et al. for example [27] . Therefore, the 
The subscripts 1 and 2 referred respectively to a plastically deformed film and a cracked film. above-mentioned model has to be improved to account for these effects. The crumbling effect under the stress field imposed by the indentation load is represented in Fig. 8 , in which the thickness, t i , of the i-layer (i = f or I) is reduced to t i ′ = β i t i , with 0 ≤ β i ≤ 1.
Then, from simple geometrical considerations, constant C in Eq. (12) becomes C′ such that:
respectively in the case of a plastically deformed or cracked film. For a Vickers pyramidal indenter, these constants become respectively C 1 ′ =1-0.8597 β and C 2 ′ =0.9272 β. The values of C′ for other indenters are shown in Table 1 . All Eqs. (5)- (14) in Sections 4.2 and 4.3 are valid when considering the reduction of thickness of the cap (i = f) or inner (i = I) layers, provided β i t i is used in place of t i , or C i ′ t i in place of C i t i . Fig. 9 presents the experimental data and the model obtained with the aforementioned values for the substrate: H s =6600 Nmm , and C′ f t f = 1.327 µm (from Fig. 7) . The best fit obtained by minimizing the difference between the theoretical curve and the experimental data, by a least-mean squares method, gives C I ′ t I = 3.692 µm and H I = 704.5 N mm
. It must be emphasized that only the product C I ′ t I is known; it is impossible to calculate either the layer thickness or the compaction factor β I via this model. The hardness of the porous silicon (704.5 N mm − 2 ), differs drastically from the minimum in the hardness plot observed in Fig. 3 (1049 N mm   − 2 ). Contrary to what is usually reported in literature [28] [29] [30] [31] [32] [33] [34] [35] , the minimum in hardness value does not correspond to the real hardness of the coating, but it is generally an over-estimated value as assumed by Vitiello et al. [36] .
Having thorough knowledge of the three layers' hardness, our model aims to calculate the minimum in the hardness curve and its location with relation to thicknesses of the different layers. From Eqs. (11)- (15), and considering a constant hardness value for the film, this minimum is:
and
The minimum depends on the hardness of the three phases, the thickness of the two coatings and the crumbling effect. The minimum is reached if − 1 b γ b 0 such that:
The minimum is not reached if γ ≥ 0, and has no physical meaning (h b 0) if γ ≤ −1. With the values obtained in Fig. 9 , the minimum in Fig. 8 . Schematic representation of the hardness area law of mixture for a plastically deformed film accounting for the crushing of the porous layer. ; C′ f t f = 1.327 µm. The regression is performed such that H I and C′ I t I minimized the difference between the model and the experimental data. Fig. 10 . Variation of the minimal hardness of the "U shape "curve with the thickness of the PS inner layer. The solid curve is related to our specimen and the square data point corresponds to C′ I t I = 3.7 µm, the dotted curves correspond to cap layers with different hardnesses, and the dotted horizontal line represents the true hardness of the innerlayer H I = 704.5 Nmm − 2 found from the regression analysis performed in Fig. 9 .
hardness corresponding to Eq. (19) can be plotted versus the I-layer's thickness. The curve in solid line (Fig. 10) shows the evolution of the minimum in hardness with the C I 't I parameter if H s and H f have the values previously used in Fig. 9 . If H f is considered now as a function of the indentation depth h (ISE effect), the minimal value H c min is not expressed by Eqs. (16) and (19) . It has been calculated using Mathematica©. We show that this minimum in hardness is highly dependent on the thickness of the layer. It must also be noticed that H min tends to the true hardness of the I-layer as the product C I 't I increases. Fig. 10 also shows (dotted lines) that for a given I-layer thickness, the minimum in hardness observed in the U-shaped curve is highly dependent on the mechanical properties of the cap layer. The harder the film, the higher the difference between the minimum and the true hardness for the I-layer. Some authors [5, 28, 29] have recently claimed that the cube corner tip is more appropriate than that of Berkovich (or Vickers) to determine the hardness of the coating. This observation is in agreement with the data reported in Table 1 for various indenter shapes: as coefficient C′ is higher for the cube-corner tip than for the Vickers (or Berkovich), the substrate effect starts at much deeper indentation depths. However, for the specimen under study, the minimum in hardness is also affected by the top layer. Taking the same C′ value for the film and the I-layer in Eqs. (17) and (19) , λ is constant and the minimum in hardness is independent of the indenter's geometry. From Eq. (19) , as C′ rises, the minimum in hardness is shifted towards the low values of 1/h (i.e. the highest values of the applied load). This result is consistent with previous experimental observations [5, 29, 30] . The minimum in the U curve may change if the cube corner indenter modifies the behaviour of the cap layer, for example, by promoting the crack formation as a consequence of the more intense stress field. This result is consistent with the observations by Vitiello et al. [36] and may explain Wang et al.'s results, for example [8] . The authors observed that the Young modulus and the hardness of polytetrafluoroethylene films strongly depend on the film's thickness. These mechanical properties decrease when increasing the film's thickness and become independent when films are thick enough as observed in Fig. 10 .
Regarding the calculated values which allow to obtain the best fit in Fig. 9 , it can be observed that C f ′ t f +C′ I t I = 5.02 µm, corresponds to the expected total thickness of the coating t f + t I (5 µm). As a consequence, C′ f =C′ I = 1 and therefore β f = β I =0. This fact is confirmed in Fig. 11 , which shows the variation of the ratios of the area which supports the indenter pressure A f /A, A I /A and A s /A (coefficients in Eq. (13) calculated for the best fit in Fig. 9 ) versus the indentation depth. It is shown that if the indenter depth is lower than the 5 µm coating thickness, then A s /A= 0. Consequently the hardness that is measured only depends on the cap-layer (A f /A= 0.45) and on the inner-layer (A I / A = 0.55) until the indenter reaches the substrate.
The model mentioned above has been simplified since the coating is punched by the indenter as represented in Fig. 12 , such that:
From this model (which has some features in common with the Kao and Byrne approach [56] ) it can be shown that the substrate begins to influence the coating hardness at the critical penetration depth h = t f + t I . The SEM observation of the fracture path obtained by breaking a sample along the cracks created at a corner of a Vickers indentation performed under a 50 N load (Fig. 13) shows that the indenter passes through the top and inner layers, and that the latter is nearly 4 µm thick. This value is in accordance with C I ′t I = 3.692 µm found during the regression performed to obtain Fig. 9 .
From the results presented above, we can deduce that the substrate does not influence the hardness for indentation depths lower than the coating thickness. As a consequence, a model with only two layers, the oxidized surface and the porous silicon layer, may be used to calculate the I-layer hardness by multi regression analysis. This result fits in well with the values obtained above. 
Summary and conclusions
In this paper we have studied the Martens hardness of a one-week aged porous silicon layer with a 5 μm thickness and 60% porosity obtained by anodization of a highly p + -type doped (100) silicon substrate. To take into account the hardness variation to the applied load and the crumbling of the porous coating, a multilayer model is proposed. This model, based on the Jönsson and Hogmark's area law of mixtures, makes it possible to calculate the minimum in hardness value which depends on the hardness of the different phases, the thickness of the coatings and the compaction of the layers under the load transmitted by the Vickers indenter. This minimum is generally an over-estimated value of the real hardness of the inner layer and this result has to be considered when studying the hardness of low-dielectric-constant films. It must be emphasized that hardness (elastoplastic behaviour) is less dependent on the substrate's hardness than Young's modulus is, because elastic fields have longer ranges than plastic fields, which are a localized. Therefore the determination of the Young's modulus of low-k materials raises more difficulty than that of the hardness. 
